Octaprenyl pyrophosphate synthase (OPPs) catalyzes consecutive condensation reactions of farnesyl pyrophosphate (FPP) with isopentenyl pyrophosphate (IPP) to generate C 40 octaprenyl pyrophosphate (OPP), which constitutes the side chain of bacterial ubiquinone or menaquinone. In this study, the first structure of long chain C 40 -OPPs from Thermotoga maritima has been determined to 2.28-Å resolution. OPPs is composed entirely of ␣-helices joined by connecting loops and is arranged with nine core helices around a large central cavity. An elongated hydrophobic tunnel between D and F ␣-helices contains two DDXXD motifs on the top for substrate binding and is occupied at the bottom with two large residues Phe-52 and Phe-132. The products of the mutant F132A OPPs are predominantly C 50 , longer than the C 40 synthesized by the wild-type and F52A mutant OPPs, suggesting that Phe-132 is the key residue for determining the product chain length. Ala-76 and Ser-77 located close to the FPP binding site and Val-73 positioned further down the tunnel were individually mutated to larger amino acids. A76Y and S77F mainly produce C 20 indicating that the mutated large residues in the vicinity of the FPP site limit the substrate chain elongation. Ala-76 is the fifth amino acid upstream from the first DDXXD motif on helix D of OPPs, and its corresponding amino acid in FPPs is Tyr. In contrast, V73Y mutation led to additional accumulation of C 30 intermediate. The new structure of the trans-type OPPs, together with the recently determined cis-type UPPs, significantly extends our understanding on the biosynthesis of long chain polyprenyl molecules.
Prenyltransferases catalyze consecutive condensation reactions of isopentenyl pyrophosphate (IPP) 1 with allylic pyrophosphate to generate linear isoprenyl polymers (1) (2) (3) . Starting from IPP and its isomer dimethylallyl pyrophosphate, the C 15 farnesyl pyrophosphate (FPP) is formed by farnesyl pyrophosphate synthase (FPPs) (4) . Using FPP and IPP as substrates, C 40 octaprenyl pyrophosphate (OPP) is synthesized by octaprenyl pyrophosphate synthase (OPPs) via five IPP condensation reactions with FPP (5, 6) . This polymer serves as the side chain of bacterial ubiquinone or menaquinone, a component involved in electron transfer for oxidative phosphorylation (7). Previously we have identified an OPPs from hyperthermophilic bacterium Thermotoga maritima (8) . Compared with its mesophilic counterpart OPPs in Escherichia coli (9) , the thermophilic enzymes shows higher product specificity, higher thermal stability, and lower structural flexibility.
During each IPP condensation, a new double bond is formed. Thus the prenyltransferases are classified as cis-and transtype depending on the stereoisomer of the double bond formed (10) . Two DDXXD motifs in the amino acid sequences were found in trans-type prenyltransferases. The first motif is responsible for binding with FPP, and the second motif is responsible for IPP binding (11) (12) (13) (14) . OPPs is a trans-type enzyme synthesizing the C 40 long chain product. The only other transtype enzyme with known structure is FPPs of the short chain type (15) . Based on its three-dimensional structure and mutagenesis studies, a bulky amino acid residue located in the fifth position before the first DDXXD motif of FPPs appeared to block further elongation of the product FPP (16) . The corresponding amino acid in OPPs is substituted with a small amino acid Ala (see Fig. 1 ), which may be required to remove the steric obstacle for OPPs to synthesize larger product than FPP. Further elongation is stopped by the large amino acids at the distal end of the active site to form the final C 40 product.
In cis-type prenyltransferases, which catalyze long chainlength products in general, a large amino acid, Leu-137, located on the bottom of the tunnel-shaped active site, was concluded to provide a seal and thus to determine the final product chain length for undecaprenyl pyrophosphate synthase (UPPs) (17) . The replacement of the Leu-137 with small Ala residue resulted in the synthesis of longer product C 70 than C 55 produced * The synchrotron data collection was conducted with the Biological Crystallography Facilities (Taiwan Beamline BL12B2 at SPring-8) supported by the National Science Council (NSC). This work was supported in part by grants from Academia Sinica and National Science Council (NSC91-3112-P-001-019-Y) (to A. H.-J. W.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The by the wild-type enzyme. Near the substrate binding site on top of the tunnel, substitution of the small amino acid Ala-69 with a larger Leu led to the accumulation of C 30 intermediate. This indicates that the space between Ala-69 and the FPP site allows the incorporation of three IPP, and the Leu at this position can temporarily block the chain elongation of this intermediate.
As reported herein, we have solved several crystal structures of OPPs from T. maritima. Interestingly, the structure of T. maritima OPPs bears a close resemblance to that of FPPs in which the molecule is entirely made of ␣-helices. The two DDXXD motifs are juxtapositioned around the active site in ways similar to those found in FPPs. At the bottom of its elongated active site cavity, two large Phe residues were mutated with smaller Ala to test their roles in determining the final product chain length. Near the top of the tunnel, three amino acids, Val-73, Aala-76, and Ser-77, were substituted with larger ones to probe the FPP binding site. Our results provide further insights into the catalytic mechanism of the trans-type prenyltransferases.
EXPERIMENTAL PROCEDURES

Materials-Radiolabeled [
14 C]IPP (55 mCi/mmol) was purchased from Amersham Biosciences, and FPP was obtained from Sigma. Reverse-phase thin layer chromatography (TLC) plates were purchased from Merck. PfuTurbo DNA polymerase was obtained from Invitrogen. The plasmid mini-prep kit, DNA gel extraction kit, and nickel-nitrilotriacetic acid resin were purchased from Qiagen. Potato acid phosphatase (2 units/mg) was purchased from Roche Applied Science. FXa and the protein expression kit (including the pET32Xa/LIC vector and competent JM109 and BL21 cells) were obtained from Novagen. The QuikChange site-directed mutagenesis kit was obtained from Stratagene. All commercial buffers and reagents were of the highest grade.
Site-directed Mutagenesis of OPPs-OPPs mutants were prepared by using QuikChange site-directed mutagenesis kit in conjunction with the Thermotoga OPPSs gene template in the pET32Xa/Lic vector. The mutagenic primers used were prepared by Biobasic, Inc. (Canada). The mutagenic oligonucleotides for performing site-directed mutagenesis are listed in Table I . The basic procedure of mutagenesis utilizes a supercoiled double-stranded DNA vector with an insert of interest and two synthetic oligonucleotide primers containing the desired mutation. The mutation was confirmed by sequencing the entire OPPs mutant gene of the plasmid obtained from the overnight culture. The correct construct was subsequently transformed to E. coli BL21 (DE3) for protein expression. The procedure for protein purification followed our reported protocol (8) . Each purified mutant OPPs was verified by mass spectroscopic analysis, and its purity (Ͼ95%) was checked by SDS-PAGE.
Crystallization and Data Collection-Wild-type OPPs and four mutants including F52A, F132A, V73Y, and S77F were crystallized using the hanging drop method from Hampton Research (Laguna Niguel, CA) by mixing 2 l of the OPPs solution (10 mg/ml in 0.1% Triton X-100) with 2 l of the mother liquor (0.1 M Na ϩ Hepes, pH 7.5, and 1.5 M LiSO 4 ), equilibrating with 500 l of the mother liquor. Within 4 days, crystals had grown to dimensions of about 0.4 ϫ 0.4 ϫ 0.2 mm. The x-ray diffraction data sets for the wild-type OPPs, F52A, V73Y, S77F, and F132A were collected to 2.28-, 2.85-, 2.85-, 2.45-, and 2.4-Å resolution, respectively. OPPs mutants and multiple isomorphous replacement data sets were collected in house using a Rigaku MicroMax002 x-ray generator equipped with R-Axis IV 2ϩ image plate detector. The wild-type OPPs x-ray diffraction data set was collected at 100K on the Taiwan Contract BL12B2 stations at SPring-8 (Hyogo, Japan).
OPPs wild-type and V73Y mutant crystals belong to the tetragonal space group P42 1 2 with the following unit cell parameters: a ϭ b ϭ 151.53 and c ϭ 69.72 Å. F52A, S77F, and F132A mutants belong to the tetragonal space group I422 with the following unit cell parameters: a ϭ b ϭ 152.31 and c ϭ 65.38 Å. All diffraction measurements were carried out on crystals cryoprotected with 0.1 M Na ϩ Hepes buffer, pH 7.5, and 2.5 M Li 2 SO 4 .
Structure Determination and Refinement-For wild-type OPPs, three mercury data sets were used for phase calculation by the multiple 
TABLE I Primers used to construct OPPs mutants in this study
Mutant name
Primer sequence
5Ј-GCTCTCGAACTCGTTCACCTTTACTTTCTCCTCCACGACGATGTG-3Ј
FIG. 1. Alignment of amino acid sequences of the T. maritima OPPs, E. coli OPPs, Mucor C 45 -SPPs, fission yeast C 50 -DPPs, Thermoplasma C 20 -GGPPs, and Thermoplasma FPPs. Colored outlines indicate identical and similar amino acid residues, respectively. The stars indicate the amino acid residues mutated in this study. The underlined are the extra sequences of E. coli OPPs compared with T. maritima OPPs. Ala-76 in OPPs corresponds to the large Tyr-89 and Tyr-89 in short chain GGPPs and FPPs, respectively. isomorphous replacement method using SOLVE (18) . The phases of wild-type OPPs structure were solved using CH 3 HgOOCCH 3 , Hg(CN) 2 , and C(HgOOCH 3 ) 4 heavy atoms as reported previously (19) . The phases of OPPs mutants (F52A, V73Y, S77F, F132A) were solved by the molecular replacement method using the program CNS (20) . Refinement statistics of collected data for these OPPs are summarized in Table II .
Kinetic ion and T. maritima OPPs (in red) containing six sulfate ions, are superimposed by SPDB viewer (27) . The FPP, Mg 2ϩ ion, and six sulfate ions observed in OPPs structure are shown with ball-and-stick model. FPP and sulfate are shown in black and yellow, respectively. These figures are produced using MolScript (28) and Raster3D (29) .
fied time period was extracted with the same volume of 1-butanol, and the radioactivity in the organic phase (intermediates and product) was counted by the scintillation counter (Beckman LS6500).
Product Analysis-The OPPs reaction containing 1 M enzyme (wildtype and mutant OPPs), 50 M [
14 C]IPP, 5 M FPP, 0.1% Triton X-100, 0.5 mM MgCl 2 , and 50 mM KCl in 100 mM Hepes buffer, pH 7.5, was performed for 72 h at 25°C. The 10 mM EDTA was used to terminate the reactions. The radiolabeled polyprenyl pyrophosphate products were extracted with 1-butanol. The 1-butanol was then evaporated, and the 20% propanol solution containing 4.4 units/ml acidic phosphatase,
OPPs active site structure and reaction mechanism. In A, the surface of active site is color coded from red to blue according to charge potential from Ϫ15 to 15 k B T. This figure was generated using GRASP (30) . In B, two sulfate ions in the active site of totally six sulfates of OPPs F132A mutant are shown (these sulfate ions are more obvious than other data sets). Along with two sulfate ions, amino acids Lys-41, Arg-44, His-74, Asp-81, Asp-82, Asp-85, Arg-90, Arg-91, Asp-204, Asp-205, and Asp-208 are shown in ball-and-stick model. S1 containing the first DDXXD motif is responsible for binding with FPP, and S2 located downstream the FPP binding site functions to stabilize the PP i leaving group. This is illustrated in C that Arg-90 and Arg-91 are important in FPP binding, and AArg-44, Lys-41, and His-74 surround another sulfate ion to grasp the leaving group of FPP while reaction occurs. 0.1% Triton, 50 mM sodium acetate, pH 4.7, was prepared to convert polyprenyl pyrophosphate products to corresponding alcohols according to the reported procedure (21) . After the pyrophosphate hydrolysis catalyzed by acidic phosphatase was completed, the polyprenols were extracted with n-hexane. The hexane volume was reduced by evaporation. The polyprenols were separated on reversed-phase TLC using acetone/water (19:1) as mobile phase. The radiolabeled products were identified by autoradiography using a bioimaging analyzer FUJIFILM BAS-1500 (Japan) according to their R f values reported. The percentages of the intermediates and product formed in the OPPs reaction were calculated from the measured intensities normalized by the numbers of Fig. 1 , the amino acid sequences of several transprenyltransferases including C 40 -OPPs from T. maritima and E. coli, C 45 -solanesyl pyrophosphate synthase (SPPs) from Mucor, C 50 -decaprenyl pyrophosphate (DPPs) from fission yeast, C 20 -geranylgeranyl pyrophosphate synthase (GGPPs), and C 15 -FPPs from Thermoplasma are aligned. They all contain two DDXXD motifs for FPP and IPP binding enzyme and reaction. T. maritima OPPs and Thermoplasma FPPs are of 20% sequence identity and 46% similarity. The amino acid located in the fifth position before the first DDXXD is a small alanine in T. maritima OPPs, E. coli OPPs, SPPs, and DPPs. On the other hand, GGPPs and FPPs have a large Tyr at this position, suggesting that this residue is important in determining the chain length of the product. As shown below, the A76Y mutant of T. maritima OPPs indeed has altered the product from C 40 to C 20 . The roles of nearby amino acids Ser-77 and Val-73 in affecting product chain length were also examined. The two phenylalanines, Phe-132 and Phe-52, were tested by site-directed mutagenesis for their function in determining the ultimate chain length of the product. The mutated residues studied here are indicated by stars in Fig. 1 .
RESULTS
Comparison of Amino Acid Sequences of trans-Prenyltransferases-In
Compared with the amino acid sequence of thermophilic T. maritima OPPs, mesophilic E. coli enzyme has four extra short sequences as shown by underlines in its amino acid sequence (Fig. 1) . The first and the last extra short sequences are located in the helix A and I, respectively, whereas others are in the loop regions. These extra sequences are not close to the active site but may play a structural role in providing E. coli OPPs with flexibility. The T. maritima OPPs without these sequences is more rigid (8) .
Overall Structure-In the present studies, we have solved the crystal structures for wild-type, F52A, V73Y, S77F, and F132A OPPs. Wild-type and V73Y OPPs belong to P42 1 2 space group. Each asymmetric unit of the crystal unit cell contains one OPPs dimer, which is the active form of the enzyme. Two identical subunits are associated into a dimer by forming a four-layer helix bundle using helices E and F (Fig. 2, A and B) . F52A, S77F, and F132A OPPs belong to I422 space group. A crystallographic 2-fold symmetry lies in the center of the dimer and each asymmetric unit of the crystal unit cell contains only one OPPs monomer. The refined structure of wild-type OPPs in complex with six sulfate ions contains amino acid residues 9 -288 in two subunits. The structure contains 12 ␣-helices, nine of them surrounding a large central cavity (helix A to I). Two conserved DDXXD sequences are located on helices D and H near the opening of this deep cleft of the substrate binding pocket. Between helix H and I are three short ␣-helices, with helix ␣1 (Pro-231-Lys-238), ␣2 (Glu-241-Glu-247), ␣3 (Ser-252-Glu-260) on the outer surface of the ␣-cone. These three ␣ helices (␣1, ␣2, and ␣3) interact with two loops (loop1 between F and G as well as loop2 between H and ␣1) by hydrophobic Helices E and F are involved in the dimer formation with the major stabilization coming from the helices E(a chain)-E(b chain) and E(a chain)-F(b chain) inter-subunit hydrophobic interactions and hydrogen bonding. The side-chain of Phe-117 is stacked with that of Phe-117 from the other subunit.
Comparison of Thermotoga OPPs Structure with Avian FPPs-OPPs shares the same folding as avian FPPs (Fig. 2C) , although OPPs and avian FPPs only have 16% sequence identity and 38% similarity. OPPs and FPPs are superimposed better in helices C, D, E, F, and G with root mean square deviation ϭ 2.54 Å for the fitting of 332 C␣ atoms of the dimer OPPs. However, helix B, the loop between helices A and B and the loop between helices C and D of OPPs are shorter than that of FPPs. This probably results in a more rigid structure of the thermophilic OPPs. The plane formed by helices H, ␣1, ␣2, ␣3, I and J are slightly rotated by 5-10 degrees relative to each other in comparing the two structures. In OPPs, the electron density map for residues 289 -299 at the C-terminal end is not visible. Notably, the loops on the top of helices F-H are pulled by hydrophobic interaction provided by several hydrophobic residues and kept away from the opening for substrate entrance between helices D and F.
Active Site Location-An elongated tunnel-shaped cavity surrounded by four ␣-helices (helices C, D, F, and H) can be proposed as the active site, because the two DDXXD motifs for substrate binding are located in helix D and H, respectively, near the top of the tunnel (Fig. 2A) . Hydrophobic side chains of the amino acids cover the entire inner surface of the tunnel, except near the two DDXXD conserve motifs for substrate binding. The amino acids in the region of substrate binding site are displayed in Fig. 3A . Two sulfate ions were found in the active sites of both mutant and wild-type OPPs structures, but F132A OPPs had the most obvious electronic density for these sulfate ions. F132A OPPs structure was therefore used to show the substrate binding site of OPPs (Fig. 3A) . The A, B subunits of the wild-type and V73Y OPPs are superimposed well with F52A, S77F, and F132A (data not shown). Six sulfates appear in each subunit of OPPs. Two sulfate ions, called S1 and S2, are directly attached to the two DDXXD via Mg 2ϩ , respectively, which resemble the pyrophosphate moiety of the substrates. Two of these sulfate ions, S3 and S4, are located in the outer face of the tunnel. S3 is hydrogen bonded to the nitrogen atoms of Arg-150 and S4 forms hydrogen bonds with backbone hydro- for 100 h to complete the reaction. The final products were extracted and analyzed using TLC and phosphorimaging. A76Y synthesizes shorter product C 20 , and F132A generated longer product (major product ϭ C 50 ) than the C 40 synthesized by wild-type. gens of Glu-146, Leu-148, and the side chain nitrogen atoms of Gln-147. It appears that these amino acid residues may initially attract the substrates to aid their binding in the active site.
Around the active site, polar (mostly positively charged) residues including Arg-90, Arg-91, His-74, Lys-41, and Arg-44 surround the pyrophosphate portion of FPP (Fig. 3B) . The distance between two side chains of the Asp residues (Asp-85 and Asp-208) in DDXXD motifs of helices D and H is ϳ11 Å. Further down, the funnel diameter near the bottom of the hydrophobic tunnel, occupied by Phe-132, narrows down to ϳ3 Å. The distance between the conserved DDXXD and Phe-132 is ϳ24 Å, sufficiently long for accommodating C 40 -prenyl chain. Based on our structure, Phe-52 is putative "floor" for the active site tunnel depending on which way the FPP chain elongation is directed. To test the role of Phe-132 and Phe-52 in sealing the bottom of the tunnel, the mutants F132A and F52A were prepared, and their products were examined as shown below.
Products Generated by F52A and F132A-The structure of T. maritima OPPs reveals a hydrophobic tunnel formed mostly by helices D and H. Two DDXXD motifs located on top of the tunnel facing each other likely represent the FPP and IPP binding site, respectively. As mentioned above, two large amino acid residues, Phe-52 and Phe-132, occupy the bottom portion of the tunnel (Fig. 4, A and B) . One of these residues or both may provide the blockage for further chain elongation of C 40 product, analogous to Leu-137 in sealing the bottom of UPPs active site (17) . We replaced these large residues with Ala and examined the chain lengths of the products synthesized by the mutant enzymes by TLC analysis. Both mutant enzymes F52A and F132A have similar activity compared with the wild-type (see Table III ). The final products of wild-type and mutant FIG. 7 . The structures of S77F and V73Y mutants. The side view (A) of the S77F structure superimposed with V73Y structure is shown using a ribbon diagram. S77F and V73Y structures are shown in green and light blue, the S77F, V73Y and Phe-132 residues are shown in red, yellow, and green, respectively. The mutated residues in OPPs affect FPP chain elongation. Based on V73Y structure, V73Y is located upstream from Phe-132 by 5.83 Å, so V73Y can produce C 30 , two IPP units shorter from OPP. In B, the active site of wild-type OPPs is superimposed with S77F mutant structure. Wildtype OPPs and S77F structures are shown in blue and magenta, and the residues of S77F structure are shown in a delicate shade and smaller atoms. In C, the active site of S77F structure is modeled with Mg 2ϩ ion and FPP. Mg 2ϩ is shown in pink, and the pyrophosphate moiety of FPP is shown in red. S77F protrudes into the bottom of FPP binding site. Therefore, the mutant only synthesizes C 20 Fig. 5 , under the same reaction condition, F52A generated products similar to that of the wild-type OPPs (C 35 : C 40 :C 45 ϭ 6:83:11 for wild-type and C 35 :C 40 :C 45 ϭ 6:76:18 for F52A). In contrast, F132A synthesized longer products (C 40 : C 45 :C 50 :C 55 :C 60 ϭ 2:27:49:19:3). Apparently, Phe-132 rather than Phe-52 plays a critical role in product chain length determination.
We hypothesize that the substitution of the large Phe-132 with a smaller in Ala removes the floor of the tunnel, thereby allowing for the formation of longer chain-length products. The wild-type OPPs structure is superimposed very well with the F132A and F52A structures (Fig. 4, A and B) . From the crystal structure, the side chain of Phe-132 is pointed toward the tunnel interior (Fig. 4A, side view) . From the top view (Fig. 4B) , Phe-132 is well positioned to seal the bottom of the hollow tunnel. On the other hand, Phe-52 is located on the other side of the tunnel, and Phe-52 cannot block the bottom of the tunnel. (Fig. 4A, side view) . Because the F132A and F52A are structurally the same as the wild-type enzyme except for the change in the side chain, we thus identify the single residue for determining the ultimate chain length of OPPs product. This also clearly shows that the chain elongation of FPP in OPPs reaction is along one side (helix D) of the tunnel.
Products of V73Y, A76Y, S77F, and A76Y/S77F-Near where the substrates FPP and IPP bind, several amino acids including Val-73, Aala-76, and Ser-77 are found. Among them, Ala-76 is a small amino acid and is located in the fifth position upstream from the first DDXXD motif in OPPs sequence (see Fig. 1 ). The corresponding residue at this position for FPPs from Bacillus stearothermophilus is a large Tyr, and when changed to smaller residue such as Gly and Ala the product chain length was increased the most (22, 23) . In addition to the fifth amino acid residue, sixth and eighth positions before the first DDXXD have also been shown important to control the product specificity of archael FPPs and C 20 -GGPPs (24) . In T. maritima OPPs, Ser-77, Ala-76, and Val-73 are located at the fourth, fifth, and eighth positions before the DDXXD motif, the predicted FPP binding site. In the active site tunnel, they are below, but still in close proximity to, the first DDXXD motif. By substituting these residues with larger ones, we generated S77F, A76Y, and V73Y mutants. Their main products are C 35 for V73Y (C 35 :C 40 ϭ 64:36), C 20 for A76Y, S77F, and double mutant A76Y/S77F (Fig. 5 ). V73Y has similar activity to that of the wild-type whereas A76Y, S77F, and the double mutant have much lower activity (see Table III ). This is because of the poor substrate binding and/or the alteration of active site conformation by the mutation. Comparison the active site of wildtype OPPs and S77F structure (see Fig. 7B ), there are slight shift in the residue Lys-41, Arg-44, Arg-90, and Arg-91. The main chains of wild-type OPPs and S77F structure are superimposed well. The active site of OPPs is superimposed better with avian FPPs than whole structure. The active site of S77F structure is superimposed with avian FPPs, which was complex with Mg 2ϩ and FPP. The active site model of S77F structure with Mg 2ϩ and FPP is proposed (see Fig. 7C ). Anyway, it is not surprising that these mutants generate C 20 as final product, because Ala-76 and Ser-77 are located near the FPP site so their mutations to the large amino acids interfere with the chain elongation of substrate FPP (see Fig. 7 , A-C for their structures). On the other hand, Val-73 is located further down the tunnel and away from the FPP site, so V73Y has final products more similar to that of the wild-type.
Intermediates of V73Y under Single-turnover ConditionAlthough the major product of V73Y has only one IPP unit shorter than the wild-type, we examined the intermediates in the V73Y reaction under single turnover at increased enzyme concentration to maximize the possibility of trapping transiently accumulated intermediate, which should reflect the altered size of active site caused by the mutation. The intermediates were trapped mostly at C 20 and C 30 (Fig. 6) . Accumulation of C 20 intermediate may result from the changed conformation of active site pocket, so only the bound IPP condenses with FPP to form C 20 . On the other hand, C 30 is accumulated to a greater extent compared with C 25 and C 35 intermediates, because V73Y interferes with proper binding of C 30 and longer polymers. Val-73 is located on the top of Phe-132, and the 5.83-Å distance between two amino acids approximately can accommodate two IPP units (Fig. 7) . Therefore, the substitution of Val-73 with a larger Tyr can partially block the tunnel and cause temporary accumulation of C 30 .
DISCUSSION
The deduced amino acid sequences of several trans-prenyltransferases (Fig. 1) show amino acid sequence homology and two common DDXXD motifs among them (25) . These Asp-rich motifs were recognized from the three-dimensional structure of FPPs and site-directed mutagenesis studies to be involved in substrate binding and catalysis via chelation with Mg 2ϩ , a cofactor required for the enzyme activity. The three-dimensional structure of OPPs has a similar fold to the structure of FPPs. Two DDXXD motifs are located in the D and H helix, respectively, facing each other to create an active site for the binding of FPP and IPP. Site-directed mutagenesis studies have shown the importance of these Asp residues in substrate binding and catalysis (11) (12) (13) (14) . Besides the DDXXD, Arg-112 and Arg-113 of rat FPPs, as well as Arg-109 and Arg-110 of yeast FPPs (corresponding to Arg-90 and Arg-91, respectively, in T. maritima OPPs), had been identified essential for enzyme catalysis (12, 14) . As illustrated in Fig. 3C , these positively charged residues may facilitate the reaction by stabilizing the pyrophosphate leaving group.
The product specificity of FPPs can be modified to synthesize larger products by substituting Tyr-81 with smaller residues. Apparently, this residue located at the fifth position before the first DDXXD motif is the key residue in determining the product chain length for FPPs. Predicted from the structure of FPPs, this residue is located from the first Asp-rich motif at a distance of ϳ12 Å which is similar to the length of hydrocarbon moiety of FPP (23) . The chain length of the product catalyzed by these mutants is inversely proportional to the accessible surface volume of the substituted amino acid residue in the first DDXXD. For OPPs, the fifth amino acid upstream from the first DDXXD (FPP site) is the small Ala (Ala-76). We have changed it to Tyr and found that the mutant enzyme generated C 20 product. Ala-76 is located near the DDXXD and hampers the chain elongation of FPP. Therefore, only a single condensation occurs with the bound IPP, and the reaction rate for the mutant is 100-fold smaller than the wild-type.
Beside the C 20 intermediate, C 30 was also accumulated to a larger extent for V73Y. This residue is further down the tunnel, and its mutation to larger Tyr is predicted to interfere with the proper chain elongation of C 30 . This mutant has a comparable rate constant to that of the wild-type, because the residue is more distant from the FPP binding site than Ala-76. On the other hand, Ser-77 is closer to the substrate site, and the mutant S77F has 10 4 lower activity than the wild-type. Its final product is also C 20 , the same as A76Y, but the mutation significantly affects the binding of substrate and/or the active site conformation for catalysis (K m of the substrate was not measured because of its extremely low activity).
Previously, A79Y mutant of E. coli OPPs was prepared and found completely inactive although the E. coli cells harboring wild-type ispB (gene encoding for OPPs in E. coli) and the A79Y mutant produced ubiquinone with C 30 side chain. The mutant protein forms a heterodimer of His-tagged wild-type IspB and glutathione S-transferase-tagged A79Y. It was concluded that A79Y is functionally inactive, but it can regulate activity upon forming a heterodimer with wild-type OPPs, and this dimer formation is important for the determination of the isoprenoid length (26) . However, from our studies, T. maritima OPPs mutant A76Y (a residue corresponding to Ala-79 in E. coli OPPs) has residual activity and produced C 20 as major product.
Phe-132 represents the floor of the active site tunnel of OPPs based on the larger major product C 50 synthesized by mutant F132A than C 40 of the wild-type. In contrast, Phe-52, the other possible candidate for the floor, did not synthesize larger product when mutated to Ala. The longer products synthesized by F132A can be then blocked by residues Leu-128, Ile-123, and Asp-62 beneath the end of the tunnel. Apparently, the chain elongation of FPP is along the D helix. From the top view of this tunnel, Phe-132 can seal the bottom to block the additional chain elongation of the final product.
The corresponding residues in E. coli OPPs and Mucor C 45 -SPPs to T. maritima OPPs Phe-132 residue are Met-135 and Met-279, respectively. The chain length may be determined by Met in E. coli OPPs (C 40 ) and Mucor SPPs (C 45 ). The site-directed mutagenesis studies, combined with the three-dimensional structure presented here, provide a model (Fig. 8) for OPPs catalysis, substrate binding, and mechanism for product chain length determination. According to this model, FPP and IPP are bound with its PP i group near the first and second DDXXD motif, respectively, with the help of Mg 2ϩ ions. The C 15 -FPP undergoes chain elongation with the incoming IPP toward the bottom of the tunnel sealed by Phe-132. The final C 40 product is released from the top of the tunnel.
